Abstract -An experimental trial was conducted to evaluate the effect of the combination of four temperatures (23°, 26°, 29° and 32°C) and four salinities (25, 30, 35 and 40 PSU), on clearance (FR) and filtration (CR) rates, as well as on the assimilation efficiency (AE) of the mangrove oyster Crassostrea corteziensis. The interaction temperature-salinity had a significant effect on the feeding physiology of the oyster; optimum results were observed in the combination of 32°C and 35 PSU with a FR of 38.08 L·h . The AE was higher in the combination of 29°C and 35 PSUs with a value of 65.1%. Results suggest that C. corteziensis maintains its feeding physiology in the gradient of temperature and salinity evaluated, which characterizes the bivalve as an eurythermal and euryhaline organism, with a better performance at moderate temperatures (29-32ºC) and salinities (~35 PSU).
INTRODUCTION
The mangrove oyster, Crassostrea corteziensis, is a bivalve mollusk distributed from the Gulf of California to the coast of Panama (Keen 1971) . The species mostly inhabits the marine intertidal zone, in estuaries and coastal lagoons associated with mangrove roots.
The species supports artisanal and semi-commercial fisheries in the states of northwestern Mexico (Ramírez-Granados and Sevilla 1965 , Stuardo and Martínez-Guerrero 1975 , Mazón-Suástegui et al., 2001 ); in addition, some signs of overexploitation have been reported (Hoyos-Chairez and RoblesMungaray 1990, Chávez-Villalba et al., 2008) .
Due to its biological characteristics, good taste and market demand (Cáceres-Puig et al., 2007) , this oyster is considered an excellent prospect for aquaculture. Studies have been conducted to evaluate its aquacultural potential (Orbe 1974) , gonadal development and growth (Cuevas-Guevara and Martínez Guerreo 1979, Rodríguez-Jaramillo et al., 2008) , seed settlement seasons (Bush-Medina and Castro-Castro 1990) , nutrition and response to temperature of juveniles (Cáceres-Puig et al., 2007 , Rivero-Rodríguez et al., 2007 , maturation and larval production of parent stocks (Mazón-Suastegui et al., 1992 , growth, gametogenesis and condition index in culture systems (Chávez-Villalba et al., 2008 , and population genetics (Pérez-Enríquez et al., 2008) . In spite of the above studies, information about the feeding physiology of the species (especially at the adult stage) and its relation to environmental variables is scarce. Peña-Messina et al. (2009) evaluated the filtration and clarification rates of C. corteziensis and the blood clam Anadara tuberculosa on the effluents of a commercial shrimp farms. However, they did not consider the effect of temperature and salinity in the evaluation.
The effects of environmental variables such as temperature, salinity and others, on the feeding physiology of bivalve mollusks are widely described in the literature (Bayne et al., 1976 , Widdows, 1985 , Bougrier et al., 1995 , Calvo et al., 2001 , Tang et al., 2005 , Resgalla Jr. et al., 2007 , Sarà et al., 2008 . However, information related to C. corteziensis is still scarce. Thus, the aim of this study was to evaluate the combined effect of four temperatures and four salinities on biological variables of C. corteziensis related to its feeding physiology. The results can be useful to advance the characterization of the species and its aquacultural potential.
MATERIALS AND METHODS
Adult individuals of C. corteziensis with a length of 30-50 mm and a weight of 0.13-0.25 g were collected in Estero de Urías, Mazatlan, Sinaloa, Mexico (23°11´N; 106°21'O) during low tides. The organisms were then washed and maintained for four days in tanks with filtered (1 μm) sea water, at a temperature of 23°C and salinity of 36 PSU. The mollusks were fed the microalgae Chaetoceros muelleri.
A concentration of total particulate matter (TPM) of around 50 mg·L -1 , with an organic fraction (OPM) of 45% and inorganic fraction (IPM) of 55%, was maintained in a water column for the experiments. The concentrations of TPM were compared to basal values commonly registered in shrimp farm effluents (Miranda et al., 2005) .
The IPM was obtained from the sediment of shrimp ponds, which was dried in a stove at 100°C for 5 h; thereafter, the sediment sample was ground in a mortar, sieved through a mesh of 44 μm, and finally burned for 8 h at 450°C in a muffle to eliminate the organic fraction. To achieve the desired proportion of organic and inorganic matter, the IPM was mixed with the microalgae C. muelleri, cultivated under laboratory conditions. The contribution of C. muelleri to the organic fraction was calculated considering an individual weight of 78.66 pg·cell -1 with 33.97 pg·cell -1 of organic and 44.69 pg·cell -1 of inorganic matter.
The experimental organisms were acclimated during two weeks in 35 L fiberglass aquariums to the particular condition of the trial.
The salinities to be evaluated were obtained from marine water (35 PSU and 50 mg·L -1 of TPM) adding marine non-industrialized salt to achieve the salinity of 40 PSU, and distilled water to achieve the salinities of 30 PSU and 25 PSU. The temperature was regulated with electric heaters (± 1°C).
In a 12 h experimental trial, each water sample was collected every 3 h. The initial time was considered when the bivalves opened the shells and began to produce feces.
The experimental units consisted of 16 individual chambers of 1 L, in which three oysters per chamber were placed. In an additional chamber used as control, three valves of oyster were placed (Hildreth and Crisp, 1976) . Water was supplied to the chambers by means of a continuous flux system, using two peristaltic pumps to maintain a flux of 4.2 L·h ; C 1 and C 2 are the concentrations of particles at the inlet and outlet of the chambers respectively; C 0 is the concentration of particles around the oysters. The concentration of particles was determined using a laser counter (Spectrex model PC-2000) .
The filtration rate (FR), which estimates the amount of particulate matter removed from the water column per time unit, was calculated by multiplying the CR by the dry weight of the total particulate matter collected at the outlet of the control chamber, according to Winter (1978) : the results are expressed in mg·h -1 .
The assimilation efficiency was calculated according to Conover (1966) as:
F is the ratio of organic/dry weight of the TPM; E is the same rate of the feces collected.
To determine the organic weight of the TPM, samples of water were collected every 3 h, and filtered by vacuum using 47-mm GFC Whatman filters. The filtrates were washed with ammonium formate to eliminate salt residues; afterwards, they were dried for 48 h at 60°C and burned in a muffle for 4 h at 450°C. The organic matter was estimated by weight difference (Conover, 1966) .
The biodeposits (feces and pseudo-feces) were collected every 0.5 h by using a semiautomatic pipette and refrigerated for posterior analysis. The organic matter was determined the same way used for TPM.
The three feeding physiology variables (CR, FT and AE) were standardized at 1 g of dry weight of oyster meat, extracting soft tissue from the experimental organisms which was dried for 48 h in a stove. The standardization was done by the equation of Bayne et al. (1983) The results were submitted to normality (Lilliefors) and homoscedasticity (Bartlett) tests (Conover, 1999 , Zar, 1999 . As data complied with both tests, a parametric ANOVA was used to analyze the results. Significant differences were identified by a post hoc Tuckey tests. Regarding the physiological variables, a multiple regression was performed, which permitted adjustment to a polynomial regression to evaluate the dependence of each variable with respect to the factors of temperature and salinity, by the equation:
Z=a + bT + cT 2 + dS +eS 2 + fT·S Z represents any of the variables; T and S are the lineal effect; T 2 and S 2 are the quadratic effect; T·S is the interactive effects of temperature and salinity. All the statistical analyses were done with the software STA-TISTICA 8 (StatSoft, Inc).
RESULTS
The TPM varied from 24.33 mg L -1 to 35.82 mg·L -1 (Table 1) . The CR was significantly affected by the temperature (Table 2) ). A wider variation was found between 29 and 32°C, with values twice as large at 32ºC (except at 40 PSU).
The salinity had a less marked effect on the CR, which recorded their higher values at 35 PSU, whereas the lowest CR was registered at 40 PSU. An increase of 5 PSU (from 35 to 40 PSU), indicated a reduction of 50% on the CR, independently of temperature.
The multiple regression analysis showed that CR was significantly affected by salinity (P= 0.0005), as well as by the quadratic effect (P=0.001); the sum of both explained the 35.2 % of variation (Table 3) . Table 7 . Multiple regression of the assimilation efficiency AE (%) of Crassostrea corteziensis in different combination of salinities (S) and temperatures (T). T,T 2 = lineal and quadratic effect of temperature. S, S 2 = lineal and quadratic effect of salinity. TS = interaction effect between temperature and salinity. The regression analysis showed that salinity and its quadratic effect (P=0.001 and P=0.002 respectively) had a significant effect on FR, the sum of both explained 27.6% of the variation (Table 5 ).
The AE ranged in all the treatments from 42.7 a 65.1% (Table 6 ) and it was independent of the temperature. The salinity had a significant effect on AE with the lowest values recorded at 25 PSU; no significant differences were detected among the rest of the treatments. The regression analysis showed that AE was not correlated with temperature and/or salinity (Table 7) .
DISCUSSION
Previous studies have documented that temperature and salinity are two of the most important variables affecting the feeding behavior of bivalve mollusks (Vladimirova et al., 2003 , Barnes 2006 , Rsgalla Jr. et al., 2007 , Heilmayer et al., 2008 , Sarà et al., 2008 . However, it is necessary to point out that the combined effect of the two parameters on the feeding physiology of adult C. corteziensis has not been previously evaluated. The only related references are documents reporting bivalves thriving in temperatures from 16°C to 32°C and salinities from 21 PSU to 37 PSU (Ramírez-Granados and Sevilla 1965, Stuardo and Martínez-Guerrero 1975 , Barraza 1983 , Cáceres-Puig et al., 2007 .
The results of the present study showed that the interaction temperature-salinity significantly affected the filtration and clarification rates of the oyster, but not its assimilation efficiency. It was found that at 32°C and 35 PSU, the CR and FR were 83% and 86% higher than those recorded at 23°C and 40 PSU, respectively. Griffiths and Griffiths (1987) reported that the CR for ostrea edulis depended on the acclimation temperature and the maximum rate occurred 5°C above such temperature. , at 35 PSU for Anadara tuberculosa. These values are lower than those found in this experiment. They also reported a FR ranging from 11.556 mg·h ., similar to our results. Maire et al. (2007) reported for the Mediterranean mussel, Mytilus galloprovincialis under oligotrophic laboratory conditions, a CR fourfold higher than that found for C. corteziensis. For the mud mussel, Mytella strigata, a bivalve inhabiting the same environments as our species in northwest Mexico, Marquez (2010) found a maximal FR at 29°C, which was 19% lower than that recorded in this study for the mangrove oyster.
The information available indicates that the filtration variables of mollusks increase concomitantly with temperature up to an optimal level; however, the filtration capacity severely decreases above this optimal level (Shumway 1982 , Newell et al., 1977 , Mondal, 2006 , Han et al., 2008 . For instance, Rsgalla Jr. et al. (2007) evaluated a combination of temperatures and salinities for the mussel Perna perna, and found that the optimal response of filtration variables occurred at 25°C, and that it significantly decreased at 15°C and 30°C. A similar trend was observed for the clam Sanguinolaria rostrata, which showed the greatest clarification rate and assimilation efficiency at 25°C and the lowest at 20°C and 30°C (Hai-Lun 2004) .
It is important to point out that the optimal temperatures for the mollusk feeding responses are related to the characteristics of their natural habitat. In this context, the above referred species inhabit environments with lower temperature that the mangrove oyster.
Both CR and FR of C. corteziensis increased with temperature. However, an inflexion point was not observed; thus, the temperature limit at which CR and FR are negatively affected is still to be elucidated. These results suggest that the mangrove oyster has tolerance to high temperatures. Cáceres-Puig et al. (2007) reported that C. corteziensis has a thermal tolerance above 32°C, but it has an optimal performance within an interval of 24°C and 30ºC during its larval phase.
The effect of temperature on the physiological response of mollusks has been explained from different perspectives. Jørgensen (1990) suggests that when temperature increases, the water viscosity decreases, which favors the filtration capacity of the organisms. yukihira et al. (2005) attribute the variations to the combinations of two opposite effects: an increase on the chemical reactions during metabolism due to the temperature increase versus a denaturation of the enzymes that catabolize them. Nakamura (2004) found that for the clam Ruditapes philippinarum, the CR increased more than 2.5-fold when temperature changed from 12°C to 21°C, and suggests that such results are related to the abundance of phytoplankton that change dramatically from season to season. In this context, Sol-Hernández (2001) recorded in the estuary La Sirena, Sinaloa, Mexico (near to the site where the experimental organisms were collected), high concentrations of chlorophyll during July and August when the temperature was around 31.8°C, and a much lower concentration during February and March, when the temperature was around 28°C.
The assimilation efficiency of the mangrove oyster in this experiment was in general independent of temperature. A similar response was reported for Perna perna, in a range of 15°C to 30°C (Resgalla Jr. et al., 2007) . Nieves et al. (2009) found that AE was also independent of temperature for Anadara tuberculosa. Some other studies have documented that the relation between temperature and AE is inconsistent (Bayne and Newell 1983 , Mondal, 2006 , yukihira et al. 2000 . The AE in our study observed values lower than those reported by other studies; probably this was in part because we did not separate feces and pseudo feces, which may have led to underestimation of the AE (Nieves et al., 2009 Since bivalve mollusks are unable to perform extracellular osmoregulation, their ionic concentration changes quickly when salinity does (Tang et al., 2005) . This change affects the functional activity up to an eventual suspension of feeding because the organism closes its valves to impede the passage of salt to the perivisceral chamber (Berger and Kharazova 1977) . In some mollusks such as Scrobicularia plana and P. perna, the closing behavior may last for some days, and it is explained as a protection strategy (Akberali, 1978 , Salomão et al., 1989 . This strategy is probably used by C. corteziensis to face the drastic increase of salinity up to 39 PSU in the estuary where the experimental organisms were collected (SolHernández, 2001 ).
The salinity scarcely affected the AE, being relatively higher at 35 PSUand 40 PSU. Resgalla Jr. et al., (2007) reported for P. perna an AE independent of salinities from 20 PSU to 35 PSU, but decreasing significantly at 15 PSU and 40 PSU. Similar results have been reported for other mussels, with lower AE at 20 PSU and higher at 40 PSU (Bayne et al., 1976) . Contrarily, for the scallop Argopecten purpuratus, the AE was independent of salinity (Navarro and Gonzáles, 1998) .
Based on the results of the present study, it can be concluded that Crassostrea corteziensis showed a plasticity to adjust its feeding physiology to different temperatures and salinities, confirming that it is a eurythermal and euryhaline organism adapted to the variable conditions prevailing in northwest Mexico. Its best filtering response was found at temperatures around 32°C, and salinities around 35 PSU. These results suggest the possibility of culture of the oyster in tropical and subtropical regions, or to its use as a bioremediator of aquaculture effluents.
